The thermal evaluation of different absorber configurations for a volumetric solar receiver designed for a solar furnace has been carried out by means of commercial Computational Fluid Dynamics (CFD) software in a 2D numerical model. Simulation results for proposed configurations depending on the porosity are discussed and compared to find the optimum configuration for which flow instabilities and thermal stresses are minimized and higher efficiencies are reached. The results obtained from the comparison of air velocity and thermal profiles at the absorber outlet propose a gradual-porosity configuration as an alternative to a previous design of a porous silicon-carbide honeycomb structure in order to heat an air stream up to temperatures suited for several high-temperature industrial processes.
Introduction
Several studies have been carried out to analyze the behaviour of volumetric solar receivers in order to produce thermal energy for engines [1] or chemical processes [2e4] .
Volumetric solar receivers are thermal systems, in which concentrated-solar radiation is absorbed on the surface of a material, which transfers the heat to a working fluid. The absorbed heat is transferred when the fluid passes through a porous medium. The characterization and design of these media have been carried out by several authors, in order to obtain efficient solar thermal receivers which have had a significant interest in the conversion from solar to electrical power and heating applications during the past 30 years.
One of this studies tested a porous ceramic absorber, consisting of a 92%-alumina foam, which heated an air stream up to 730 C with a solar flux of up to 824 kW/m 2 [5] . Another design considered a ceramic foil receiver covered by a matrix of square channels of quartz glass, in order to absorb the thermal radiation emitted by the ceramic part of the receiver. The outlet air reached temperatures up to 1000 C and efficiency improvements up to 10% in comparison with the thermal efficiency of 68.5% obtained from a ceramic foil receiver without quartz glass structure [6] .
The concept of a multi-cavity volumetric solar receiver was regarded because of its higher efficiency and economy compared to the single cavity receiver. The absorber was based on a pack of small ceramic cavities which absorbed the high solar flux reflected from an array of mirrors [7, 8] .
Furthermore, volumetric solar receivers have required new materials and designs highly resistant to thermal stresses. One example was the "Porcupine", which endured a concentrated-solar flux of up to 4 MW/m 2 reaching air temperatures of up to 940 C [9] .
High performance absorbers are damaged by local overheating due to inhomogeneous flux distributions and flow instabilities. Therefore, an optimized combination of geometrical properties as well as thermal conductivity and heat-transfer parameters has to be selected in order to achieve both high efficiencies and reliable operation. For this purpose, several methodologies have been developed to determine the thermal properties and behaviour of porous materials [10e12] .
Both the analysis of these thermal properties and absorberbehaviour predictions have been carried out by Computational Fluid Dynamics (CFD). One of this analysis described the impact of several geometrical properties of the absorber and the influence of the air injection system used [13] . Furthermore, the pressure drop in ceramic foams for solar air receiver applications was analyzed by experimental and numerical studies, obtaining a modified Darcy relationship [14] .
On the other hand, heat-transfer simulations were developed for different absorber configurations using CFD in order to achieve high performance in volumetric solar receivers. The convective heat transfer between the air flow and ceramic foam was numerically studied to compute the local heat-transfer coefficient [15e17] .
In addition, another model was developed to take into account the radiative heat transfer due to the absorption of the concentrated-solar radiation by the absorber and the radiation transport in the media. The pressure drop was included together with the interfacial heat transfer between the flowing fluid and the porous material in the same model. The results illustrated that the thermal non-equilibrium phenomena are locally important [18] , because they are present when there is a thermal gradient in the porous material. In that case, the viscosity of the air changes with the temperature together with permeability properties, and the homogeneity of the air flow is significantly affected by the permeability variation. Thus, the permeability in hot channels is lower, leading to its hot blocking. As a consequence, this model allowed the optimization of the volumetricair-receiver design.
Comparisons between different porous materials have been carried out, obtaining a significantly higher efficiency for a doublelayer foam material than a screen-printed porous silicon-carbide one. Porous materials with a parallel channel geometry with thin walls showed disadvantageous permeability properties. These printed-material properties can be significantly changed by applying a new manufacturing process and modifying the channel geometry and porosity [19] .
Other volumetric-receiver concepts were studied in the past by other authors using an analytical model to guide the experimental design of volumetric flow receivers. This type consists of nanoparticles suspended in a heat-transfer fluid, in order to absorb the incoming radiation and to efficiently store the thermal energy in the fluid volume [20, 21] .
Numerical studies allow analyzing new receiver configurations such as gradual-porosity designs which have a difficult and expensive manufacturing. Therefore the achievement of numerical methodologies which reproduce the thermal behaviour of these porous materials are necessary to select the best configuration and, as a consequence, to develop an appropriate manufacturing process.
This need has been satisfied by this study, because a new methodology of simulation for gradual-porosity receivers has been developed. This type of volumetric receivers are made up of various parts with a different porosity and the prediction of its thermal behaviour is a valuable new information, which has been obtained and added to the existing pool of knowledge concerning the volumetric-receiver design. For instance, the variation of geometric parameters influences the thermal efficiency of the porous structure. This behaviour can be analyzed using the numerical model developed.
Simulation results from gradual-and constant-porosity configurations have been compared in this study, where CFD has been used to optimize the absorber configuration of an open volumetric receiver installed at the Plataforma Solar de Almería's Solar Furnace (PSA Solar Furnace [22] ). Therefore, a heat-transfer model has been carried out to predict the absorber behaviour of proposed configurations which use the same ceramic material. The porous material tested consisted of a silicon-carbide honeycomb structure by which an air stream is heated up to temperatures required in several hightemperature industrial processes. This study carries out the thermal and fluid dynamic analysis of different absorber configurations included in a volumetric solar receiver designed for the PSA Solar Furnace [1, 23] . A commercial CFD software (Fluent) has been used for the study of the absorber configurations proposed, implementing a two-dimensional fluid model. The absorber receives concentrated-solar radiation. An air stream, that passes through this material, is heated in order to supply the energy of the process.
Simulations of different absorber configurations have been proposed to find the optimal one by which the highest temperatures are reached in the air stream, preserving the porous-medium properties. These configurations are proposed for the same absorber material (silicon carbide) and they are divided into three groups: one considers three different constant porosities (0.48, 0.64, and 0.78), the other group takes into account a gradual-porosity variation in the radial direction using the previous three porosities in increasing and decreasing order, and the last group includes a gradual configuration according to the absorber depth (6 cm) using also the increasing and decreasing order (see Table 1 ). In this case, the absorber has a circular shape with a radius of 10.5 cm, similar to the radius of the concentrated-solar-radiation focus.
The simulation parameters have been evaluated by means of the reference values calculated for the configuration which was used in the experimental setup. This configuration consists of a siliconcarbide element of 10.5 cm in radius and 6 cm deep with a porosity of 0.64 (Fig. 1a) . The fluid flow passes through square channels, distributed throughout the material, of 2 mm on each side and 6 cm in depth. The thickness of the wall, which separates the channels, is 0.5 mm (Fig. 1b) .
In all cases, the absorber domain is defined in the model as a porous material. Therefore, the porosity of each configuration has been regarded instead of the channel shape. Thus, Fig. 2 represents the thermal balance for the domain selected, including the porosity effect on the radiation-intensity attenuation. In order to consider the energy absorbed, the volumetric-heat source has been calculated for each configuration and implemented by a user-defined function (UDF).
Evaluation of the volumetric-heat source
The volumetric-heat-source definition has been based on an exponential law, which is an approach of the radiation-intensity attenuation in the absorber material. The following equation describes this process [11,12]: Iðx; yÞ ¼ I 0 $e Àx$y (1) where I is the intensity of the solar radiation, which goes through the absorber depth, x is the optical extinction coefficient, I 0 is the initial intensity of the solar radiation, x is the position in x-axis direction, and y is the position in y-axis direction (see Fig. 2 ). I 0 depends on the superficial heat source (I S0 ), which is evaluated from the optical properties of the PSA Solar Furnace. The theoretical model used to define I S0 includes a Gaussian distribution which depends on the x-axis position (x) for 2D numerical simulation [24] :
where F Peak is the irradiance peak, s x is the ellipticity factor, which takes into account the Gaussian-function shape. F Peak and s x are evaluated from a previous analysis of the CCD-camera images obtained from the heat-flux measurements in different positions starting from the focal position [25, 26] . The irradiance-peak estimation includes all the parameters which affect on the amount of solar energy concentrated by the facility. The theoretical prediction of the heat-flux distribution on the absorber surface has been compared with experimental measurements obtained from infrared images recorded during the time considered as steady-state conditions in the test.
In this case, ideal steady-state conditions cannot be obtained [27] and a quasi-steady state has been selected, which includes the images with a maximum-temperature variation less than 5% in the last Fig. 3 . Analysis of infrared images: a) 2D pixel-intensity calibration by Matlab Ò ; b) 3D pixel-intensity calibration; c) thermal profile.
15-min images recorded during the test. The image analysis consists of a thermal-profile evaluation by means of a pixel-intensity calibration ( Fig. 3a and b) whose central thermal profile is compared with the theoretical thermal profile, which comes from considering StefaneBoltzmann law [28] for the theoretical heat-flux distribution (Fig. 3c) . The difference between both profiles is because, on the one hand, I(x,y) evaluation does not consider the thermal losses due to the convection between the absorber surface and ambient air, and, on the other hand, the absorption properties have not been taken into account in the definition of the solar-radiation intensity absorbed by the porous material. These properties depend on its conductivity. Therefore, these factors have been regarded by means of a correction coefficient (C) defined as the average difference. Consequently, the general equation considered for the volumetric-heat source is:
where:
and x is estimated for each different porosity proposed from the reference configuration, because the radiation-intensity attenuation depends on the material porosity, as it is shown in Fig. 4 . This reference value was evaluated at central position (0,0) with F Peak and C obtained from the experimental conditions of a selected test (953,500 W/m 2 and 0.849, respectively). The range of the volumetric-heat flux (10 07 W/m 3 ) was obtained from a previous study [29] , which considers an absorber behaviour similar to the one used in the current analysis. In this case, the exponential functions are equivalent to 1 because y ¼ 0 in the selected position, and x is evaluated from equation (4) 
The extinction coefficients for the other porosities considered (0.48, 0.78) were calculated from the comparison between the heat-transfer coefficient of the reference porosity and the others obtained for 0.48 and 0.78. These heat-transfer coefficients were estimated from the simulations under the same conditions as the reference-porosity simulation. In all cases, the volumetric-heatsource equation was implemented as a UDF.
Gradual porosity in the radial direction
For radial direction, the porous domain consists of three subdomains located as concentric rings. Consequently, the Gaussian function cannot be used because the CFD software would interpret three maximum temperatures, one for each sub-domain, due to the definition of the volumetric energy source, which must be independent for each one. To avoid that, an average value substitutes the Gaussian function in the equation of the volumetricheat source (456,000 W/m 2 ) bringing as a result the following expression:
IðyÞ ¼ 456; 000$x$e
Àx$y (6) x is replaced in equation (6) by the value obtained for each porosity and a UDF library has been created in order to simultaneously include the three equations. For that purpose, an external programme was developed using the own software code and implemented by means of a compiler.
Gradual porosity according to depth
In order to integrate into the model the heat-source equation for each porosity, the porous domain has been divided into three subdomains. Each one includes equation (6) with a different value of the extinction coefficient (Table 3 ). This means that the simulation requires to use three UDFs at the same time, therefore the UDF library created for gradual porosity in the radial direction has been implemented. Considering the average value for the superficial heat source allows making a comparison between both gradual configurations.
Simulation model 2.3.1. Numerical modelling
Conservation laws (conservation of mass, momentum, and energy) determine the fluid dynamics behaviour [30] . Therefore the CFD model developed requires solving the continuity (7), momentum (8) [31] and energy (9) [32] equations described for fluid medium by the following expressions:
where r is the density of the fluid, t is elapsed time, v ! is the velocity vector with respect to the coordinate system, S m is the mass source, p is the static pressure, s is the stress tensor, r$ g ! is the gravitational body force, F ! is the external body force, E is the energy transfer
, k eff is the effective conductivity which includes the turbulence thermal conductivity, h j is the enthalpy of 7 . Interpolation of the experimental measurements at the absorber outlet. species j, J j ! is the diffusion flux of species j, s eff is the viscous stress tensor, and S h is the volumetric-heat source. These general equations are regarded in two dimensions and, in this case, the air is the only species involved in the fluid medium.
The porous-medium model takes into account the solid influence on the fluid and it requires to include the solid effect in the energy equation and to consider an additional momentum source term. Therefore, equation (8) implements for the porous medium a source term (equation (10)) composed of two parts: a viscous loss term and an inertial loss term.
where i and j take into account the coordinate directions of the model (x or y), S i is the source term for the ith (x or y directions) momentum equation, v mag is the velocity magnitude, and D and B are prescribed matrices [33] . The energy equation for the porous medium is described by the following expression:
where g is the porosity of the medium, E f is the total fluid energy, E s is the total solid energy, S h f is the fluid enthalpy source term, and k eff is defined by the following equation:
where k f is the fluid-phase thermal conductivity, including the turbulent contribution, and k s is the solid-medium thermal conductivity [33] .
The flow rate forced by a blower has been evaluated at the moment considered as a quasi-steady state, in order to select the flow regimes present in the solution domain shown in Fig. 5 . Laminar and transitional flow regimes have been defined according to the sub-domain considered (Section 2.3.2).
In the absorber domain (porous medium), the flow regime has been considered laminar, but, in the fluid domain of the receiver, a viscous model has been used. The model selected was renormalization-group (RNG) ke3 model because it includes an analytically-derived differential formula for effective viscosity that accounts for low-Reynolds-number effects [34] . The near-wall region was calculated by the 'wall function' approach, in which semiempirical formulae are used to obtain the viscosity between the wall and the turbulent region [35] .
Geometry definition and mesh design
Fig . 5 describes the solution domain, in which the 2D symmetrical part of the receiver inlet is represented. The 3D domain can be obtained from the revolution of the symmetry axis because the receiver presents a cylindrical configuration. A two-dimensional model has been considered in this case, to define a model which is as simply as possible and able to predict the hydraulic and thermal behaviour for gradual-porosity receivers, while minimizing the computational requirements in comparison with a complex and time-consuming model. This fact allows making the reproducibility of the experimental cases easier, obtaining results in a shorter time.
Several sub-domains have been defined in the solution domain (Fig. 5) , in order to select the appropriate conservation-law equations which describe the physical phenomena occurred in each section. The sub-domains were selected depending on the boundary conditions, and the regions obtained were: inlet air which defines the ambient conditions and air flow, two refractory-material domains to include the influence of the insulation in the model, porous medium which determines the heat transfer from the absorber to the air, and the heated air of the receiver which supplies the energy for industrial thermal processes which require high-temperature conditions, mainly for material treatments.
In the constant-porosity configuration, the porous medium is regarded as a single sub-domain. However, in the case of the gradual porosity, the absorber domain has been divided into different sub-domains depending on the porosity (see Fig. 6 ).
The grid for this solution domain was created by a commercial mesh generator (Gambit), which has discretized the selected domain with a 2D structured mesh of quadrilateral elements. The equiangle skew (Q EAS ) is the mesh quality-type specification used to evaluate the mesh size. The Q EAS is a normalized measure of skewness defined by Ref. [36] :
q eq À q min q eq (13) where q max and q min are the maximum and minimum angles between the edges of the element, and q eq is the characteristic angle corresponding to an equilateral cell of similar form (q eq ¼ 90 for quadrilateral elements). By definition 0 Q EAS 1, and the mesh element is equilateral when Q EAS is 0, having a poor shape when Q EAS is 1. The analysis of the mesh quality is shown in Table 2 , where 100% of the cells are included between the values of 0 and 0.5. This range represents a good quality according to the relationship between Q EAS and mesh quality presented by Ref. [36] , and, in general, it is considered that 2D high-quality meshes contain elements that possess average Q EAS values of 0.1 [36] . In this case, the average Q EAS is 0.13, and it is close to the value which determines the high-quality mesh. Therefore, this mesh analysis has led to select the designed grid for the simulations.
Operating conditions and physical properties
The experimental configuration has a constant porosity of 0.64 and it is assumed that the fluid (air) is under steady-state flow condition, and the blower of the volumetric receiver produces a flow rate whose value is evaluated for the quasi-steady state condition (0.013 kg/s). The operating pressure considered for the CFD model has been set to the value of 101,325 Pa. The gravitational force can be neglected due to the low density of the fluid and the horizontal prototype position, and a mass source has not been considered because it is referred to the mass added to the continuous phase from a dispersed second phase (in this case, there is only one phase) and any user-defined sources [37] .
The thermophysical properties of the air stream have been defined for an average relative humidity of 43% at the temperature of 296 K. These averaged conditions have been obtained from the measurement of ambient air during the test. The air properties can be described by the following equations, derived from the available moist air studies [38e44], in which the temperature must be considered in K: 
The thermophysical properties of the refractory and porous materials considered in the simulations were supplied by the data Fig. 9 . Thermal distribution: a) porosity ¼ 0.48; b) porosity ¼ 0.64; c) porosity ¼ 0.78. Fig. 10 . Profiles at the porous-medium outlet: a) thermal profile; b) velocity profile.
sheets of each material [45] . The thermal conductivity was regarded for an average temperature, because the software assumes a constant thermal conductivity in thin walls. The information of these materials is not available in the commercial CFD code, thus new-material definitions were implemented in the database, regarding the selected properties for each one.
Boundary conditions
The continuum zones defined in the solution domain were: porous medium, refractory material of the absorber module, inlet air, refractory material of the receiver, and the fluid of the receiver. In the case of gradual porosity, three different sub-domains have been considered in the porous medium, one per each porosity.
The porous-medium continuum zone includes the UDF of the volumetric-heat source, and the viscous loss term and the inertial loss term. These parameters have been evaluated experimentally by the measurement of the pressure loss depending on the air velocity when it passes through the absorber material. These two variables are related one to another by the Darcy's law in the Forchheimer extension for one direction (equation (18)), and the inverse of the denominator number (K 1 and K 2 ), obtained from the fitting-function coefficients, evaluates the viscous loss term (1.6$10 07 m
À2
) and the inertial loss term (52.63 m À1 ) [12] . These parameters have been considered in the direction (0,À1), and, in the direction (1,0), a much greater value has been regarded (10 10 m À2 and 1000 m
À1
, respectively) to enhance the fluid flow in the main direction (0,À1).
The walls, which delimit the porous medium, have a porousjump condition. This case requires to include the material permeability and the pressure-jump coefficient. The permeability is 6.11$10 08 m 2 (K 1 ), and the pressure-jump was evaluated from the second coefficient of the fitting function for the Forchheimer's law (104.73 m À1 ) [11] .
The velocity inlet condition was used in the inlet air domain and considers a velocity of 0.332 m/s. This velocity comes from the evaluation of the mass flow at ambient temperature in the quasisteady state selected. On the other hand, the direction of the flow was defined with the vector components (0, À1) in the Cartesian coordinate system obtained from the mesh generator.
Furthermore, the walls connected with the insulating material, which has not been regarded in this simulation, have been defined as adiabatic walls.
A convective condition was defined in the outer wall, and the average heat-transfer coefficient because natural convection was fixed (13.25 W/m 2 K) [46] . The inner wall of each domain was coupled with the remaining boundary zones.
Solution method
Simulations were performed by commercial CFD software, in which governing equations, operating conditions, material and fluid properties, and boundary conditions were selected.
The segregated steady-state solver was used to solve the governing equations, and variable residuals were monitored to ensure the convergence criterion, which were fixed at 10 À6 for the energy, and at 10 À3 as a minimum for the continuity and momentum variables.
The renormalization-group (RNG) ke3 turbulence-model constants were set to the software's default values. Furthermore, the pressure discretization scheme used was standard, and the algorithm for the pressureevelocity coupling chosen was simple.
The first order upwind is a convectionediffusion upwinding scheme which assumes that the cell-centre values of any field variable represent the cell-average value [47] .
Results and discussion

Validation
In order to validate the simulation model, experimental air temperature at the porous-material outlet and simulation results at the same location were compared, considering the quasi-steady state of a test. That moment was selected using the Gaussian distribution which defines the superficial heat source (equation (2)). The reference absorber configuration of this test consisted of a constant porosity of 0.64. Fig. 7 shows the air thermal distribution at the absorber outlet, which comes from the spatial interpolation of the experimental measurements obtained from a programme developed by Matlab Ò . These measurements correspond to the air temperature from five Type-K thermocouples Class I located on the same transversal surface at the absorber outlet (blue circles). As a result of the spatial interpolation from the experimental data, a temperature distribution surface was obtained. From this surface, a thermal profile in the x-axis direction has been obtained to make the comparison with the simulation thermal profile (Fig. 8a) . The simulation-profile deviation from the experimental values is in the range of 1.7e2.8% (Fig. 8b) . Therefore, the theoretical model used in the simulations can predict the absorber behaviour with a maximum deviation of 3% from the experimental values, including the deviation produced by the measuring instrument.
The Type-K thermocouples used have an accuracy of AE1.5 K up to measurements of 648 K, according to standard IEC 60584. 2 (1982) . For temperature ranges of 648e1273 K, the accuracy Table 4 Evaluation of the thermal efficiency considering an average value for the superficial heat source.
Configuration
Porosity Table 5 Comparison between the gradual-porosity configurations considering an average value for the superficial heat source. depends on the temperature by the expression AE0.004$jTj, according to the standard IEC 584. 2 (1982) . This means that the measuring accuracy is AE3.9 K at temperature ranges of the air at absorber outlet (964e981 K). Simulation results deviate from the experimentally measured values by 1.7e2.8% (16.7e27.44 K). This difference is due to the difficulty of taking high-temperature measurements in a fluid. In addition to the measuring error, the thermal radiation and the fluid flow influence the temperature values obtained. Furthermore, the numerical model is two dimensional, and the radiation heat transfer and the heat absorbed by the porous structure have been included in the volumetric-heat source. These conditions do not allow comparing experimental and numerical results using absolute values. For this reason, dimensionless evaluation has been regarded.
Moreover, other studies have considered acceptable deviations of 3.59% and 9.38% [48] . This shows that the numerical results are in appreciable agreement with the experimental results, taking into account that deviations lower than 5% was obtained.
Extinction-coefficient evaluation
In order to determine the extinction coefficient for the two additional porosities considered (0.48 and 0.78), two simulations have been carried out, one for each porosity, with the same parameters considered for the experimental porosity. The deviation of the heat-transfer coefficients has been used to evaluate the volumetric-heat source in each case, considering the reference value (10 07 W/m 3 ), and a correction factor (see Table 3 ). The extinction coefficients have been obtained analogously to the reference extinction coefficient in the Section 2.2. Simulation results show that the extinction coefficient for a new porosity can be evaluated by means of a comparison between the heat-transfer coefficient of an experimental porosity, whose extinction coefficient is known, and the one obtained for the new porosity using the simulation conditions of the experimental case.
Absorber material with constant porosity
To optimize the porosity of the absorber, the simulation results of three different porosity values have been considered (0.48, 0.64 and 0.78). The thermal distribution (Fig. 9) shows that the maximum temperature (1058 K) is reached by the highest porosity, because it allows a higher penetration of the incoming radiation into the absorber structure and presents a greater heat exchange surface.
Furthermore, the thermal and velocity profiles have been compared at the absorber outlet, and Fig. 10 shows that the highestporosity profiles present greater gradients than the others. This fact is going to have an influence in the material selection for the design of a volumetric absorber, because, in this case, it should have a higher resistance to thermal shock. Moreover, this effect is reinforced by the low air velocity at the centre, where an overheated area can be found due to the irradiance-peak location and a poor cooling in that region.
The average values of each profile have been compared with the experimental porosity (0.64), in order to evaluate the porosity influence on the air conditions at the absorber outlet. The results show that the porosity of 0.48 reaches average values, both temperature and velocity, around 7% lower and, the values for a porosity of 0.78 are around 4% higher.
In order to compare these results with those obtained from gradual configurations, new simulations of these constant porosities were carried out using an average value for the superficial heat source. This evaluation has been included in Tables 4 and 5 .
Absorber material with gradual porosity in radial direction
For the purpose of minimizing the overheating effect, by which the absorber material reaches a maximum temperature at the centre of the structure, two configurations with gradual porosity in radial direction were analyzed. One of them consists of an increasing porosity from a value of 0.48 at the centre of the porous medium up to an external porosity of 0.78, and the other configuration considers a decreasing porosity.
These configurations present a different thermal distribution in comparison to the previous cases (Fig. 11) . The maximum temperature is concentrated in a smaller area at the centre of the absorber structure, and it corresponds to 938 K for increasing porosity and 1323 K in the case of decreasing porosity in radial direction.
The analysis of the temperature and velocity profiles shows that the decreasing configuration presents the greatest gradient for both variables (Fig. 12) , being the velocity gradient lower than the thermal one. The temperature difference was around 58%, considering the maximum and minimum values obtained from the simulation results at the absorber outlet of the decreasing configuration, and this shows the greatest overheating at the absorber centre in comparison with the constant-porosity configurations (Section 3.3) . Therefore, the increasing-porosity configuration presents a more favourable behaviour due to the inherent limitations of the porous material. In this case, the increasing porosity has a lower thermal gradient than the decreasing one, thus allows preserving the absorber material from the thermal shock. the radial direction with the one according to depth, an average value for the superficial heat source has been considered.
Simulation results (Fig. 13) show that the maximum temperature is reached by the decreasing porosity (829 K) located in a smaller area at the centre of the cavity (Fig. 13b) compared to the increasing one (Fig. 13a) , which presents a lower temperature (maximum temperature of 785 K). The difference between the two average-temperature values at the absorber outlet is around 4% and the velocity variation is 3.5% (Fig. 14) , with a greater gradient for both variables in the decreasing configuration. In both cases, the velocity at the centre presents a minimum, because in the warmer area the permeability is lower and the air viscosity is higher. Both effects avoid the absorber cooling. This fact shows that this area is overheated, but this central velocity is greater than the one obtained for the radial configuration (1.5 and 1.3 m/s, respectively).
The results show that gradual porosity according to depth reaches a lower maximum temperature. However, the thermal distribution for this case is more homogeneous than for the gradual porosity in radial direction, because the radial variation avoids a homogeneous heat-flux distribution. It enhances the Gaussian effect of the irradiance peak at experimental conditions, strongly limiting the absorber durability in the overheated region.
Thermal efficiency
For the purpose of determining the best design for the solar volumetric receiver, the thermal efficiency has been evaluated by the following equation (Table 4) : (19) where h is the thermal efficiency, and Q conv is the convective flow, obtained from the energy balance between the fluid inlet and absorber outlet:
where m f is the air mass flow, c pf is the average specific heat capacity of the air, T f,in is the air temperature at the absorber inlet, and T f,out is the air temperature at the absorber outlet. Q rec is the heat absorbed from the incoming concentrated-solar radiation over the inlet receiver surface, whose evaluation considers the superficial heat source (I S0 ) according to the frontal receiving area (A).
In order to compare the constant-porosity cases with the gradual porosity, simulations with constant porosity have been developed considering an average value of 456,000 W/m 2 for the superficial heat source (equation (6)). In this case, the highest porosity achieves a thermal efficiency of 53.79% (see Table 4 ). It presents a thermal gradient of 96.3 K and its velocity variation corresponds to 0.72 m/s at the absorber outlet (Table 5) . Thus the configuration with a constant porosity of 0.78 increases the efficiency in around 6% and the maximum temperature in around 71 K compared to the porosity of 0.48. In order to improve these results, a combination of three selected porosities was proposed. All gradual-porosity configurations present a higher thermal efficiency in comparison with the constant-porosity one, and the efficiency difference is between 12% and 28% with regard to the constant porosity of 0.78.
The decreasing-porosity configurations achieve a greater thermal efficiency than those obtained by the increasing one (around 5e8% higher), and gradual porosities according to depth reach the highest efficiencies (Table 4 ) with a lower thermal gradient than in the porosity radial variation (Table 5) .
Therefore, the decreasing porosity according to depth is proposed as the best design, which achieves the highest thermal efficiency (81.99%) with thermal and velocity gradients of 150.7 K and 0.65 m/s, respectively. These results show that the use of a greater porosity in the area which receives the solar radiation allows decreasing the heat losses to the environment, because the solar beams reach a greater penetration depth into the porous material.
Conclusions
Different configurations for a solar volumetric absorber have been analyzed by means of CFD software to study temperature and velocity distributions. Three constant porosities, two gradual porosities according to depth, and two gradual porosities in radial direction have been considered. The results obtained by this study can be considered as an initial prediction of the behaviour of gradual-porosity materials.
Various constant porosities and gradual configurations have been regarded in the analysis to develop new absorber designs. The thermal efficiencies reached by the proposed configurations are compared in order to define the best design.
Temperature and velocity show an increased distribution for higher porosities because of the greater heat absorbed. Consequently, the thermal efficiency increases, as shown in Table 4 . The constant-porosity configuration presents the highest maximum temperature for the greatest porosity, and thermal efficiency is around 50%.
The receiver with gradual porosities shows a significant increase of the thermal efficiency. On the one hand, the efficiency of gradual porosity according to depth is higher than the one obtained for the radial configuration. The greatest efficiency for the radial porosity variation corresponds to 72%, and the one for the decreasingporosity variation according to depth is 82%. The higher efficiency of this configuration is because it allows a greater solar-irradiance penetration into the absorber structure and a more homogeneous heat-flux distribution, minimizing the thermal gradient.
On the other hand, the gradual porosity in radial direction shows the overheating area located at the centre of the receiver with a greater temperature than the one obtained in the gradual porosity according to depth, but also presents the highest thermal gradient and a lower thermal efficiency due to the nonhomogeneous distribution of the heat flux. For this reason, this configuration is not appropriate for the design of a solar volumetric receiver.
However, fluid heating for the gradual porosity according to depth is more homogeneous, minimizing the thermal gradients in the absorber material. Therefore, the decreasing-porosity configuration according to depth has been proposed as an alternative to the constant-porosity design.
